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Abstract
Electric field control of confined magnetic skyrmions for energy efficient scalable nanomagnetic
memory
By Md Mahadi Rajib.
A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science in
Mechanical and Nuclear Engineering at Virginia Commonwealth University.
Virginia Commonwealth University, 2022.
Major Director: Jayasimha Atulasimha, Ph.D.
Professor,
Department of Mechanical and Nuclear Engineering

Nanomagnetic random-access-memory (RAM) devices are considered one of the leading
alternatives to the existing Complementary Metal Oxide Semiconductor (CMOS) based RAM
devices due to inherent non-volatility and long endurance compared to other non-CMOS devices.
However, new paradigms such as voltage control and spin orbit torque are being explored to write
information with low errors in an energy efficient manner. Magnetic skyrmions have emerged as
potentially viable paradigm for nanomagnetic memory devices because of their robustness,
scalability and extremely low energy requirement for creation and manipulation. Besides, electric
field induced manipulation of nanomagnets as well as magnetic skyrmions has been shown to be
a promising strategy towards the implementation of ultra-low power memory devices.
One such electric field-based manipulation of magnetic states involves skyrmion mediated
switching of perpendicular magnetic tunnel junctions (p-MTJs) based nanomagnetic memory
devices. This is achieved by applying a voltage pulse starting from a ferromagnetic up/down state
to reduce PMA, thus creating an intermediate skyrmion and subsequently annihilating the
skyrmion by withdrawing the voltage pulse to achieve ferromagnetic down/up (i.e. reversed) state.
However, scalability of skyrmions confined in a nanodot and skyrmion-mediated voltagecontrolled switching strategy have not been completely investigated, particularly their scaling to
20 nm lateral dimension and beyond. In this study, we investigated the feasibility of scaling of
perpendicular MTJs to lateral dimensions ~20nm and beyond, as well as dynamic skyrmionmediated switching in such MTJs in the presence of room temperature thermal noise and
defects/edge roughness.
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Chapter 1: Introduction
Nanomagnetic memory devices are one of the most prominent technologies considered to replace
CMOS-based RAM devices and lately their use in in-memory neuromorphic computing systems
is being increasingly studied. This chapter begins with introducing nanomagnetic memory devices
(1.1). And the following section (1.2) gives an overview of recent developments and our work on
one of the nanomagnetic memory device concepts: scalability of skyrmion-mediated voltagecontrolled reversal of ferromagnets.

1. 1 Nanomagnetic memory overview
The invention of silicon-based transistors in 1947 triggered a rapid development of computing
systems. Afterwards, the effort on continuous miniaturization of transistors has revolutionized the
semiconductor industry. Gordon Moore, the co-founder of Intel corporation, predicted in 1960’s
that the transistor number in a chip would continue to double in almost every eighteen months [1].
However, this trend is now unlikely to continue due to the unmanageable heat generated by
miniaturized CMOS based memory device. Many low-power computing strategies have been
developed by researchers to address this problem.
One of the most attractive alternatives to the CMOS-based memory devices is nanomagnetic
memory devices. These devices are typically based on magnetic tunnel junctions (MTJs). An MTJ
consists of three layers as shown in Fig.1 (a): a fixed layer, a free layer and a tunnel barrier (MgO
layer). In MTJ, binary bits are encoded by exploiting one of the magnetic properties called
tunneling magnetoresistance (TMR) [2-10]. Since TMR is dependent on the relative angle between
the spin orientation of the free and the fixed layer so a memory bit can be written by switching the
magnetization direction of the free layer between two stable orientations as shown in Fig. 1(b).
When a small current is passed through the MTJ, the voltage measured across the MTJ is changed
depending on the parallel or antiparallel orientation of the spins in the free layer relative to the
fixed layer. Therefore, a readout operation can be performed on an MTJ-based memory device by
passing a small current.

Fig. 1. (a) Schematic of an MTJ. (b) Parallel (P) and antiparallel (AP) states of MTJ corresponding to low
and high magnetoresistance (binary bits).

Bistability in MTJ-based memory device can be achieved by using shape anisotropic elliptical
nanomagnets or perpendicularly polarized nanomagnets in the free layer as shown in Fig. 2. The
elliptical nanomagnet is typically used in the in-plane MTJs where the minimum energy state is
reached when the magnetization direction is in either of the easy axis directions of the ellipse. On
the other hand, perpendicularly polarized nanomagnets form the perpendicular MTJ (p-MTJ)
where the easy magnetization direction is along ±z direction. However, p-MTJs are now preferred
due to their scalability.

Fig. 2. (a) Elliptical nanomagnets with spins oriented along the easy axis, (b) Perpendicularly polarized
circular nanomagnets used in MTJs

Various current-induced [11-15] and electric field controlled [16-23] mechanisms can be used for
switching the free layer of an MTJ. Spin transfer torque (STT) [11,12] is one of the most
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commonly employed current-controlled switching strategies. In STT, while passing spin current
through a nanomagnet, spin polarized electrons transfer their spin angular momentum to the spins
of the nanomagnet [11-13]. A spin transfer torque is induced by the spin angular momentum on
nanomagnet’s magnetization and it can be used to switch a nanomagnet’s magnetization to a
desired direction. Unpolarized incoming electrons are polarized parallel to the reference layer’s
magnetization while passing through the reference layer/hard layer as shown in Fig. 3(a). Thus,
hard layer injects spin polarized current to the soft layer which in turn transfers the angular
momentum to the electrons in the soft layer and ultimately aligns those spins in the parallel
direction of hard layer’s magnetization. By reversing the current direction, the magnetization
directions can be aligned antiparallel to each other as shown in Fig. 3(b). In this case, the
unpolarized incoming electrons are passed through the soft layer. When the electrons are injected
to the hard layer, spins those are parallel to the hard layer’s magnetization are transmitted. On the
other hand, spins antiparallel to hard layer magnetization are reflected back to the soft layer and
become majority spins over time. Thus, magnetization in the soft layer antiparallel to hard layer’s
magnetization direction is stabilized. So, by choosing the appropriate current direction a memory
bit can be written in MTJs. However, STT switching causes a large energy dissipation (∼100 fJ/bit)
even when the MTJ is experimentally scaled to ~11 nm lateral dimensions [24]. For comparison,
energy dissipated in CMOS devices is approximately 100 aJ/bit [25], which is nearly three orders
of magnitude lesser than energy dissipated in STT-based switching.

Fig. 3. Schematic illustration of STT switching mechanism. (a) AP to P switching, (b) P to AP switching
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On the other hand, electric field-induced magnetization reversal is highly energy efficient. In
particular, voltage-controlled magnetic anisotropy (VCMA)-based switching dissipates only ∼1
fJ/bit [20, 26]. In this method, a voltage pulse alters the perpendicular magnetic anisotropy (PMA)
that originates at the interface of ferromagnet/oxide [27]. By utilizing an appropriate combination
of in-plane bias magnetic field and voltage pulse duration, a complete ferromagnetic reversal can
be achieved [17]. However, VCMA-induced switching is precessional in nature and highly
susceptible to disorders in the presence of room-temperature thermal noise [28], which is shown
in Fig. 4. In contrast, it has been shown that skyrmion mediated reversal is robust to thermal noise
and disorder. In this thesis, we studied the scalability of skyrmion mediated switching in scaled
MTJs to 20nm and beyond in the presence of room temperature thermal noise and defects.

Fig. 4. Switching probability in (a) skyrmion-mediated and (b) precessional VCMA switching scheme in
the presence of room-temperature thermal noise and disorder. (Figure is taken from ref [28])

1.2 Overview of scalability of skyrmion-mediated voltage-controlled switching of
ferromagnets
Recently, the possibility of VCMA-induced magnetization reversal between two ferromagnetic
states without any external bias magnetic field has been reported [28]. This is achieved by applying
a voltage pulse that reduces PMA. Thus, starting from one of the ferromagnetic states (up/down),
an intermediate skyrmion can be created [29-31]. The created skyrmion is a metastable skyrmion
and the voltage pulse is withdrawn coincidentally with the breathing motion of the skyrmion. Due
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to this, when the initial PMA value is restored, the intermediate skyrmion annihilates to the other
[28] ferromagnetic state (down/up). The switching mechanism is shown in Fig. 5.

Fig. 5. An energy barrier separates the two nonvolatile states (ferromagnetic up and down states)
at equilibrium (V=0). In the presence of DMI in the free layer, a voltage pulse reduces the PMA
and a metastable skyrmion is created. By withdrawing the voltage coincidentally with the
inbreathing of the skyrmion, the reversal of the ferromagnetic state is achieved. Corresponding
states (ferromagnetic up, down, and skyrmion) are shown below the voltage pulse.

Skyrmions are topologically stable [32] particle-like localized spin structures [33-39]. The
existence of this outstanding quasi-particle was predicted theoretically [40] and later observed
experimentally [41,42,43] in condensed matter systems. Skyrmion can be formed in noncentrosymmetric bulk ferromagnetic materials [42] or at the interface [44-48] of a ferromagnet
with a material with large spin orbit coupling due to the existence of Dzyaloshinskii-Moriya
interaction [49-52] along with several other competing interactions.

Skyrmion has unique

topology which can be described in terms of skyrmion number [36] and is given as
s=

1

4𝜋

∫𝑚
⃗⃗ . (

⃗⃗⃗
𝛿𝑚
𝛿𝑥

)×(

⃗⃗⃗
𝛿𝑚
𝛿𝑦

⃗⃗ /𝑀s) and Ms
) ⅆ𝑥 ⅆ𝑦 , where 𝑚
⃗⃗ is the normalized magnetization vector (𝑀

is the saturation magnetization. The skyrmion number tells how many times a sphere can be
wrapped with a skyrmion. Depending on the spin rotation from center to periphery, skyrmion can
be classified into two types, namely Neel [53, 54] and Bloch skyrmions [55]. The vector field of
these two magnetic skyrmion are shown in Fig. 6. DMI vector direction in bulk system prefers
Bloch skyrmion whereas interfacial DMI hosts Neel skyrmion.
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Fig. 6. (a) Bloch skyrmion and (b) Neel skyrmion (Figure is taken from ref [56])

Skyrmions are usually controlled by electrical current in racetrack and was proven to be
advantageous, due to its high mobility and potential in overcoming edge roughness-related pinning
occurring in domain wall (DW)- based racetrack devices [44, 57-61]. However, the skyrmion
mediated switching strategy explored that is illustrated in Fig. 5 uses a confined geometry and,
thus, has the potential for higher density memory cells compatible with crossbar architecture. This
mechanism has been shown to be robust to thermal noise, disorder and perturbative spin currents
for a nanomagnet of lateral dimension 100 nm [28]. However, to be competitive with the current
miniaturization trend in STT- magnetic random-access memory (STT-MRAM), further
downscaling is required. Chapter 3 theoretically demonstrates the feasibility of downscaling the
skyrmion-mediated switching scheme by studying three MTJs of different sizes, 100, 50, and 20
nm, respectively. We show that while skyrmion-mediated switching of ferromagnets in the
presence of thermal perturbation is feasible down to lateral dimensions ~20nm, the large values of
VCMA and Dzyaloshinskii-Moriya interaction (DMI) needed at ~20nm lateral dimensions have
only been theoretically predicted and are yet to be experimentally demonstrated to date.
The findings demonstrated in chapter 3 spurred the investigation on creating and stabilizing
skyrmion in scalable nanodots with observable DMI. Previously it has been shown that in
multilayer thin ferromagnetic film stacks, skyrmion size can be reduced down to ~50nm starting
from several micrometer at room temperature [62,63]. However, due to a large stray field
originating from ferromagnetic materials, skyrmion size cannot be further scaled in ferromagnetic
thin films [64]. Hence, compensated ferrimagnets have recently emerged as an alternative to
ferromagnets for hosting smaller skyrmions due to their small stray fields [65], [66]. In
ferrimagnetic thin film of Co44Gd56, ~10 nm skyrmion has been observed without any out-of-plane
6

bias field with lifetime on the order of several minutes [65]. However, in chapter 4, we show that
high saturation magnetization favors formation of skyrmions in confined (geometrically confined)
structures of small lateral dimensions (e.g. nanodots ~20 nm) as opposed to the case of
ferrimagnetic thin films where weak stray fields due to low net saturation magnetization helps
form smaller skyrmions. We also show that thermally robust skyrmion mediated switching can be
attained in a 20 nm nanodot with high saturation magnetization and DMI values ~3mJ/m2 that have
been experimentally observed.
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Chapter 2: Micromagnetic modeling of magnetization dynamics
The magnetization dynamics of circular nanodots studied in this thesis work is simulated by using
the micromagnetic simulation software Mumax3 [67].
In the Mumax3 software, the magnetization dynamics of the nanodots is simulated by solving the
Landau-Lifshitz-Gilbert (LLG) equation:
𝜕𝑚
⃗⃗
−𝛾
⃗ 𝑒𝑓𝑓 + 𝛼{𝑚
⃗ 𝑒𝑓𝑓 )}]
=(
) [𝑚
⃗⃗ × 𝐵
⃗⃗ × (𝑚
⃗⃗ × 𝐵
𝛿𝑡
1 + 𝛼2

(1)

where 𝛼 is the Gilbert damping coefficient and 𝛾 is the gyromagnetic ratio (rad/Ts). 𝑚
⃗⃗ is the
⃗⃗ /𝑀s), Ms is the saturation magnetization and 𝐵
⃗ 𝑒𝑓𝑓 is the
normalized magnetization vector (𝑀
effective magnetic field. The effective magnetic field has the following components:
⃗ 𝑒𝑓𝑓 = 𝐵
⃗ 𝑑𝑒𝑚𝑎𝑔 + 𝐵
⃗ 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 + 𝐵
⃗ 𝑑𝑚 + 𝐵
⃗ 𝑎𝑛𝑖𝑠 + 𝐵
⃗ 𝑡ℎ𝑒𝑟𝑚𝑎𝑙
𝐵

(2)

⃗ 𝑑𝑒𝑚𝑎𝑔 and 𝐵
⃗ 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 represent the effective field due to demagnetization energy and the
Here, 𝐵
Heisenberg exchange interaction respectively.
Effective field due to Heisenberg exchange interaction can be expressed as:
⃗ 𝑒𝑥𝑐ℎ = 2
𝐵

𝐴𝑒𝑥
(𝑚
⃗⃗⃗⃗𝑖 − 𝑚
⃗⃗ )
∑
2
𝑀𝑠𝑎𝑡
△𝑖
𝑖

Where i is for six nearest neighbors of the central cell with magnetization 𝑚
⃗⃗ and △𝑖 is the cell size
in the direction of neighbor i.
⃗ 𝑑𝑚 indicates the effective field due to the Dzyaloshinskii-Moriya interaction (DMI) which can
𝐵
be expressed as:
⃗ 𝑑𝑚 =
𝐵

2𝐷 𝛿𝑚𝑧 𝜕𝑚𝑧
𝜕𝑚𝑥 𝜕𝑚𝑦
(
,
,−
−
)
𝑀𝑠 𝜕𝑥 𝛿𝑦
𝛿𝑥
𝛿𝑦
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(3)

Where mx, my and mz are the normalized magnetization components along the three cartesian coordinates and D represents the DMI constant (mJ/m2).
⃗ 𝑎𝑛𝑖𝑠 is the effective field due to perpendicular anisotropy which is expressed by the following
𝐵
equation:
⃗ 𝑎𝑛𝑖𝑠 =
𝐵

2𝐾𝑢1
(𝑢
⃗ .𝑚
⃗⃗ )𝑢
⃗
𝑀𝑠

(4)

Here 𝐾𝑢1 represents first order uniaxial anisotropy constant and 𝑢
⃗ indictaes a unit vector in the
anisotropy direction. The temperature effect is calculated by:

⃗ 𝑡ℎ𝑒𝑟𝑚𝑎𝑙
𝐵

2𝛼𝑘𝐵 𝑇
= 𝜂 (𝑠𝑡𝑒𝑝)√
𝑀𝑠 𝛾𝛥𝑉𝛥𝑡

(5)

Where T is the temperature (K), 𝛥𝑉 is the cell volume, kB is the Boltzmann constant, 𝛥𝑡 is time
step and 𝜂 (𝑠𝑡𝑒𝑝) is a random vector from a standard normal distribution which is independent
(uncorrelated) for each of the three cartesian co-ordinates. Its value is changed after every time
step.
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Chapter 3: Dynamic skyrmion-mediated switching of perpendicular MTJs: Feasibility
analysis of scaling to 20 nm with thermal noise
(M. M. Rajib, W. A. Misba, D. Bhattacharya, F. Garcia-Sanchez and J. Atulasimha, IEEE Transactions on Electron Devices, Vol.
67, No. 9, Sept. 2020). Many parts of this paper are verbatim in the thesis chapter.

One method of creating and annihilating skyrmions in confined geometries is to use voltagecontrolled magnetic anisotropy (VCMA). The previous study shows that robust voltage-controlled
ferromagnetic reversal from “up” to “down” state in the soft layer of a perpendicular magnetic
tunnel junction (p-MTJ) can be achieved by creating and subsequently annihilating an intermediate
skyrmion state in the presence of room temperature thermal noise and anisotropy variation across
grains. However, when scaling to 20 nm, thermal noise can annihilate the skyrmions, for example,
by randomly moving the core toward the boundary of the nanostructure. Here, we study three pMTJs of different dimensions, specifically lateral dimensions of 100, 50, and 20 nm and investigate
the change in switching behavior as the dimension is decreased. In particular, we show that while
skyrmion-mediated switching of ferromagnets in the presence of thermal perturbation is feasible
down to lateral dimensions ~20 nm, the large values of VCMA and Dzyaloshinskii-Moriya
interaction (DMI) needed at ~20 nm lateral dimensions have only been theoretically predicted and
are yet to be experimentally demonstrated to date.

3.1 Non-thermal study on skyrmion oscillation
Our proposed structure is presented in Fig. 1. The free layers are chosen to be nanodisks of
diameters 100, 50, and 20 nm. The thickness-to-diameter ratio (the aspect ratio) is set to 0.012 for
100 and 50 nm MTJs to maintain constant demagnetization factor. However, 0.6 nm thickness is
kept unchanged for scaling from a diameter of 50 to 20 nm instead of reducing it to 0.24 nm as
such a low thickness would make the device impractical. We consider exchange stiffness A = 25
pJ/m, saturation magnetization Ms = 1.3 × 106 A/m, and Gilbert damping coefficient α = 0.01. For
the successful realization of our switching mechanism, we require an initial ferromagnetic state.
Next, when the PMA is reduced (voltage applied), we need to form an intermediate skyrmion state
to provide a robust pathway for magnetization reversal to the opposite ferromagnetic state when
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the PMA is restored (voltage withdrawn). We vary the perpendicular anisotropy (Ku1) and the DMI
parameter (D) to fulfill these requirements. The rationale behind choosing different anisotropy and
DMI values is discussed below.

TABLE I Material Parameters and Corresponding Energy Barrier

First, to form the intermediate skyrmion state, we need a sizeable DMI. Moreover, the reduction
of the lateral dimension requires higher DMI to form an intermediate skyrmion state. However, to
maintain an initial ferromagnetic state, the DMI value must be less than the critical value (Dcrit =
(4/π )(AKEFF)1/2, where KEFF = Ku1 − (1/2) μ0 Ms2) at the corresponding initial PMA value. Here,
KEFF is the effective perpendicular anisotropy and the Dcrit (critical DMI) value signifies a threshold
beyond which a metastable skyrmion can be formed in the system.
The energy barrier between two ferromagnetic states reduces due to the presence of DMI [68]. To
incorporate this reduction, we have estimated the energy barrier with Keff from the
phenomenological equation Keff = (Ku1 − (1/2) μ0Ms2 − (D2π2)/(16A)). The perpendicular
anisotropy is determined from the thermal stability factor KeffV /kBT, which is considered to be
appropriately around 50 for all three MTJs. Therefore, with a reduction of lateral dimension,
required DMI increases, and consequently, the uniaxial anisotropy Ku1 needs to be increased to
ensure thermal stability with an energy barrier of ∼50 kBT.
With the reduced thickness of 0.6 nm in cases of 50 and 20 nm along with high PMA, the pinning
effect can be presented [69]. However, we do not consider the pinning effect as this is a feasibility
study, and including the effect of defects is beyond the scope of this work. Moreover, the stray
field from the fixed layer of the MTJ can assist in skyrmion formation [70], [71]. Nevertheless, a
small field in either the perpendicular or any of the in-plane directions does not significantly affect
11

the switching dynamics [28]. Therefore, we do not include stray field in our simulations. The
parameters are listed in Table I (A = 25 pJ/m, Ms = 1.3 × 106 A/m, and α = 0.01 for all cases). We
note that the feasibility of the material parameters such as PMA (Ki) and DMI coefficient (D) in
Table I (and also the VCMA coefficients are mentioned in Table II) are discussed at the end of
this chapter.
First, we study the behavior of the nanomagnets by reducing PMA through VCMA without any
thermal perturbation. At reduced PMA, the competing PMA, DMI, and demagnetization form a
skyrmion. Once the skyrmion is formed, it starts to oscillate between two stable states: skyrmionic
state and quasi-ferromagnetic state. The oscillation is observed in the form of topological charge
evolution with time (see Fig. 7) where the crests indicate a skyrmionic state and troughs indicate
a quasi-ferromagnetic state. With the reduction of the lateral dimension, the DMI required to form
an intermediate skyrmion state increases. Thus, it forces the magnetization to oscillate at a higher
frequency. This reduces the pulsewidth and the rise time of the voltage pulse applied that can
produce favorable switching in the smaller nanomagnets. VCMA coefficients, fall and rise time,
total change in PMA, oscillation frequency, and pulsewidth range are listed in Table II considering
the application of voltage pulse (𝛥V) of 2.0 V across 1-nm-thick MgO layer for all three MTJs.
By withdrawing the voltage pulse and restoring the PMA to the initial values at each peak point,
switching is observed. When PMA is restored, the intermediate skyrmions are collapsed and go to
either the opposite ferromagnetic state or back to the initial ferromagnetic state due to the
minimization of curvature energy (σ = 4(AKEFF)1/2−π D) of the 360◦ DW of the skyrmion’s spin
spiral [72]. In addition to this, we exploit in breathing dynamics to ensure the resulting
ferromagnetic state is opposite to the initial state resulting in the skyrmion mediated reversal. Fig.
7 shows that the nanomagnets switch for the first 5, 5, and 7 cycles, respectively, for 100-, 50-,
and 20-nm lateral dimension (diameter) nanomagnets. Beyond these cycles (for respective
nanomagnet sizes), the topological number falls below the critical value and therefore an
intermediate skyrmion state is not available for successful switching. The “switch” and “no
switch” regions along with the comparison of topological evolution for three nanomagnets are
shown in Fig. 7. By the “switch” region, we mean that when the voltage pulse is withdrawn (PMA
restored) roughly at the maxima of the topological charge in Fig. 7, the magnetization of the
nanomagnet relaxes to a ferromagnetic state that is opposite (reversed) from the original state. In
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other words, the switching or reversal is successful. In the “no switch” region, even if the voltage
pulse is withdrawn (PMA restored) roughly at the maxima of topological charge the magnetization
relaxes to the original ferromagnetic state and thus does not switch successfully.

Fig. 7. “Switch” and “no switch” regions without thermal perturbation for (a) 100, (b) 50, (c) 20 nm. (d) Comparison
of topological evolution of three nanomagnets using the same time scale for the nanomagnets of three different sizes.

TABLE II Columns 2–4 are parameters chosen and columns 5 and 6 are inferred from simulations
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3.2 Thermal switching

In the presence of room temperature thermal noise, the first breathing period of a skyrmion is ideal
for the switching to minimize the possibility of intermediate skyrmion annihilation due to thermal
noise. The switching percentage for 100-nm nanomagnet with pulsewidth range of 400–700 ps is
studied and shows thermally robust switching in the 450–650 ps range [see Fig. 8(a)]. For 50 nm,
thermally robust switching is observed for the pulsewidth range of 32–42 ps by studying the
switching percentage in the pulsewidth range of 22–102 ps [see Fig. 8(b)]. For 20 nm, the
switching percentage is studied for pulsewidth range of 4–13 ps. Within this range, 99% switching
is observed in the pulsewidth range of 6–7 ps [see Fig. 8(c)].

Fig. 8. Switching probability versus pulsewidth of (a) 100, (b) 50, and (c) 20 nm nanomagnets. [For
studying the switching percentage for different pulsewidths, the simulations were run for 100 times for
14

most points. For one point in each subfigure, the simulations were run 1000 times. Thus, points marked as
100% with a star (indicate a better than 99.9% switch for 100- and 50-nm lateral dimensions as there is no
failure for 1000 runs). However, for a 20-nm case, 19 failures in 1000 runs at pulsewidth of 7 ps indicate
~98% switching.]

3.3 Switching energy per bit:
Considering an application of a voltage pulse of 2.0 V for a 1.2-nm-thick free layer and a 1-nmthick MgO layer with relative permittivity of ~7, energy dissipated per switching event in a 100nm nanomagnet is ~1 fJ. Sub 1 fJ/bit switching for 20-nm nanomagnet can be achieved (provided
large VCMA coefficient, PMA, and DMI are available) which is highly desirable for energy
efficient memory devices.

In summary, our simulations show that thermally robust switching with a frequency of 2 GHz can
be attained for a 100 nm nanomagnet. This switching remains robust when scaling down to 50 nm
lateral dimensions in the presence of thermal noise with a switching frequency of ~20 GHz with
appropriate choice of feasible material parameters based on experimentally reported values of
VCMA coefficient (370 fJ/Vm) [73], PMA (3700 µJ/m2) [74] and DMI (~3mJ/m2) [75,76,77].
Similarly, while downscaling to 20 nm, thermally robust switching with a very large frequency in
the range of ~100 GHz can be achieved provided material parameters with large VCMA [78], DMI
[79, 80] and PMA [74, 78] are chosen. Among these three parameters only PMA [74] has been
experimentally reported, while DMI and VCMA values (for the 20 nm nanomagnet simulation)
have only been theoretically predicted [78,79,80] to date but not experimentally demonstrated.
This is an important challenge in scaling from 50 to 20 nm.
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Chapter 4: Robust skyrmion mediated reversal of ferromagnetic nanodots of 20 nm lateral
dimension with high Ms and observable DMI
(M. M. Rajib, W. A. Misba, D. Bhattacharya, and J. Atulasimha, https://doi.org/10.1038/s41598-021-99780-1) Many parts of this
paper are verbatim in the thesis chapter.

Implementation of skyrmion based energy efficient and high-density data storage devices requires
aggressive scaling of skyrmion size. Ferrimagnetic materials are considered to be a suitable
platform for this purpose due to their low saturation magnetization (i.e. smaller stray field).
However, this method of lowering the saturation magnetization and scaling the lateral size of
skyrmions is only applicable where the skyrmions have a smaller volumetric ratio compared to
lateral dimensions of the hosting film. In this chapter, we show by performing rigorous
micromagnetic simulation that the size of skyrmions which have lateral dimension comparable to
their hosting nanodot can be scaled by increasing saturation magnetization. Also, when the lateral
dimension of nanodot is squeezed and thereby the skyrmion confined in it is downscaled there
remains a challenge in forming stable skyrmion with observable Dzyaloshinskii-Moriya
interaction (DMI) since this interaction has to facilitate higher rotation per spin to complete a 3600
along the diameter. In our study, we found that skyrmions can be formed in 20 nm lateral
dimension nanodots with high saturation magnetization (1.30-1.70 MA/m) and observable DMI
(~3 mJ/m2). This result could stimulate experiments on implementation of highly dense skyrmion
devices. Additionally, using this, we show that Voltage Controlled Magnetic Anisotropy (VCMA)
based switching mediated by an intermediate skyrmion state can be achieved in the soft layer of a
ferromagnetic p-MTJ of lateral dimensions 20 nm with sub 1fJ/bit energy in the presence of room
temperature thermal noise with reasonable DMI ~3 mJ/m2.

4.1 Stabilization of skyrmions in smaller nanodots with higher Ms and DMI
To study the formation of stable skyrmion we simulated the magnetization dynamics of circular
nanodots of 50 nm, 30 nm and 20 nm lateral dimensions using the micromagnetic simulation
software Mumax3 [67]. In all three cases, we initiate the simulations from a purely ferromagnetic
state (all the spins pointing in the +z direction) and relax for 1 ns, which ends up a quasiferromagnet (QFM) as shown in Fig. 9. We can see that in QFM the boundary spins are slightly
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tilted. The perpendicular magnetic anisotropy (PMA) is then reduced through VCMA in 0.5 ps. It
is noteworthy that achievement of smaller ramp time requires smaller RC constant which in turn
depends on the availability of smaller resistance area product (RA). Considering 1nm thick MgO
layer, the required RA product (~8 Ω.µm2) for achieving such small ramp time is within the
experimentally reported values [81, 82]. After 3ns the voltage pulse is withdrawn and the PMA
is restored to the initial value. We see the equilibrium state after 5ns and observe that the final state
is either a QFM or skyrmion. We find that after the withdrawal of voltage pulse, 5 ns is sufficient
for reaching a stable state. This was confirmed by studying one equilibrium state (Ms=1650kA/m,
DMI=3.2 mJ/m2) for 1 µs and there was no change in average out-of-plane magnetization
component or topological charge from those obtained after 5ns. To find the required saturation
magnetization (Ms) and DMI as the lateral dimension of the nanodot is varied, the initial and
reduced effective perpendicular anisotropy energy along with other parameters listed in Table III
1

are kept constant. The effective PMA energy is expressed as 𝐾𝑒𝑓𝑓 𝑉 = (𝐾𝑢1 − 2 𝜇0 𝑀𝑠2 ) 𝑉, where
Ku1 is the PMA constant (uniaxial anisotropy) and V is the volume of the nanodot. The saturation
magnetization is varied from 700 kA/m to 1700 kA/m for all nanodots.
Table III: List of parameters
Exchange stiffness
Thickness
Gilbert damping coefficient
Cell size
Initial effective PMA energy
Reduced effective PMA energy

5 pJ/m
0.6 nm
0.05
0.5nm×0.5nm×0.6nm
50 kT
2.73 kT

The stable state turns out to be either a QFM or a skyrmion state. Figure 9 shows an example case
of formation of a stable skyrmion in 20nm nanodot through VCMA where Ms=1650 kA/m and
DMI=3.2mJ/m2. The skyrmion is created when the effective PMA energy is reduced and remains
stable even after the restoration of effective PMA energy to the initial value by withdrawing the
voltage pulse. The initial PMA value plays a critical role in determining the final state. If the initial
effective PMA energy is bigger than a critical effective anisotropy energy, QFM state is observed.
For 20 nm nanodot we observe this critical initial effective PMA energy is ~64kT at DMI ~3mJ/m2.
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Fig. 9. (a) Application of VCMA, (b) A quasi-ferromagnetic (QFM) state is created after relaxing for 1ns.
After the reduction of PMA, a skyrmion is formed and it is stable even after the withdrawal of voltage
pulse.

By following the strategy illustrated in Fig. 9(a) we calculate the required Ms and DMI values for
which skyrmions are formed in 20nm, 30nm and 50nm nanodots. This is shown by D-Ms phase
diagrams in Fig. 10.
It is understandable that in 20nm nanodot there will be higher rotation per spin and the requirement
of DMI will be higher compared to 30nm and 50nm nanodot for a constant effective PMA energy.
In chapter 3, it has been shown that even for formation of transient skyrmion, an extremely large
DMI is required. So, it becomes a challenge to create a skyrmion in a 20 nm nanodot with
experimentally observed DMI. Therefore, we focus on exploring the minimum DMI under a
constant effective PMA energy while the DMI is within the observable limit. We also observe the
saturation magnetization associated with the minimum DMI needed to explore which minimum
DMI and Ms combination helps stabilize skyrmions in nanodots. In addition to that, we explore
some other DMI values close to the minimum DMI range and observe the corresponding Ms values
for the formation of skyrmion as shown in Fig. 10.
Figure 10(a) shows the D-Ms phase diagram for a 20nm nanodot. We can see that minimum DMI
for creating a stable skyrmion with a constant effective PMA energy as mentioned in Table III is
2.95mJ/m2. Saturation magnetization required to form the skyrmion at this DMI value is 13001350 kA/m. Below 2.95 mJ/m2 DMI, no skyrmion is formed. As the DMI value is increased the
Ms range for which skyrmion can be created becomes wider at the higher Ms values. Considering
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a 1nm thick MgO layer and an application of a voltage pulse of 2.0 V, the VCMA coefficient
required to form these skyrmions in a 20nm nanodot is 312 fJ/Vm.
We next increased the lateral dimension to 30 nm and explored the minimum DMI required to
form skyrmions in the 700-1700 kA/m Ms range at the effective PMA energy equal to that of
20nm. From Fig. 10(b) we can see that the minimum DMI required for the formation of skyrmions
in a 30 nm nanodot is 1.95 mJ/m2 and the Ms range is 1000-1050 kA/m. At higher DMI, the Ms
range for which the skyrmion is created grows wider similar to the 20nm case.
The D-Ms relation required for formation of stable skyrmion in increased lateral dimension to
50nm is shown by Fig. 10(c). Minimum DMI required for the formation of stable skyrmion is
1.15mJ/m2 and corresponding Ms value is 750kA/m. Considering the MgO layer thickness and
application of voltage pulse the same as 20nm, VCMA coefficient for skyrmion formation in 30nm
and 50nm nanodot are 139 fJ/Vm and 50fJ/Vm respectively.
For 50nm, though a skyrmion is observed for a minimum DMI value of 1.15mJ/m2 and Ms value
of 750 kA/m but no skyrmion is found for the same DMI and higher Ms. For other DMI values
close to the minimum DMI, the required Ms remains still in the comparatively lower range of Ms
values. For 20nm, the minimum DMI happens at higher Ms value and for other DMI values close
to the minimum DMI, the required Ms values are also in higher range. Expectedly, minimum DMI
and Ms values for 30 nm fall in between those values required for 20nm and 50nm. Since the
minimum DMI is associated with high Ms values in 20nm nanodot, we can say that large saturation
magnetization helps stabilize skyrmion in smaller nanodots.

This trend of downscaling of

skyrmion lateral dimension draws a significant contrast with the downscaling of skyrmion size in
thin films. In thin film, lowering the saturation magnetization helps form smaller skyrmion
whereas in nanodot high saturation magnetization is helping stabilize smaller skyrmions.

19

Fig. 10. D-Ms phase diagram for (a) 20 nm, (b) 30nm and (c) 50nm (QFM and Sk in the phase diagrams
represent the regions where these states are observed)

To study how the skyrmions are formed at high M s in downscaled nanodots, we observe the total
energy of the equilibrium states for 20nm nanodot for various Ms values. We take two Ms values,
one from the higher end (1650kA/m) and the other from lower end (1000kA/m) of Ms range at a
constant DMI (3.2mJ/m2) and observed the dynamic evolution of the magnetic states and their
corresponding energy as shown in Fig. 11. For 1000 kA/m, skyrmion forms after 25 ps when PMA
is reduced. The breathing of skyrmion is very fast and annihilates after ~100 ps. After the
annihilation of skyrmions, the nanodot stabilizes at QFM state. For 1650kA/m, skyrmion forms
slowly, specifically at ~100 ps after the PMA is reduced. The skyrmion formed in this case also
breathes slowly and stabilizes at this state.
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Fig. 11. Evolution of total energy for two different Ms values and their corresponding magnetic states at
different times.

The requirement of higher DMI for decreased dimension of nanodots can be explained as follows.
A higher DMI strength is required for completing the 360-degree rotation along a smaller diameter.
Furthermore, when DMI is kept at the minimum required, high Ms is needed as it helps the
formation of stray field dominated skyrmions in the confined nanostructure. Figure 12 shows that
for 20 nm nanodots and 3.2 mJ/m2 DMI, minimum Ms at which a skyrmion is formed is 1350
kA/m whereas minimum Ms for the formation of skyrmion at 4.0 mJ/m2 DMI is only 700 kA/m.
In summary, high Ms is not needed if we could employ high DMI and therefore form DMI
mediated skyrmions. On the other hand, using low DMI requires a high Ms so that the stray field
can aid the DMI in formation and stabilization of the skyrmions.
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Fig. 12. Topological charge vs. saturation magnetization of 20 nm nanodot for 3.2 mJ/m2 and 4.0 mJ/m2
DMI.

4.2 Skyrmion-mediated voltage controlled switching of ~20nm nanodot (with inclusion of
room temperature thermal noise)
In this section, we study the switching probability of 20 nm lateral dimension ferromagnetic
nanodot by employing VCMA induced skyrmion mediated switching. In such switching, in
chapter 3 as we have discussed, an intermediate skyrmion is created starting from a ferromagnetic
state by lowering PMA which is subsequently annihilated by restoring the PMA to achieve
switching from ferromagnetic up/down to down/up state. This reversal mechanism is implemented
in a similar way that is followed for stabilizing skyrmion but the only difference is in the timing
of withdrawal of voltage pulse. In stabilization, voltage pulse is withdrawn after the skyrmion has
been stabilized after some initial breathing at reduced PMA whereas in reversal the voltage pulse
is withdrawn while the skyrmion breathes. From the non-thermal stabilization, we have seen that
for both cases of Ms, primarily a skyrmion is formed but for lower value of Ms the breathing is
very fast and it cannot be stabilized. Though for skyrmion mediated magnetization reversal only a
transient skyrmion is required but stabilization gives an idea where skyrmion breathes slowly,
survives longer and provides potential robust switching.
For non-thermal stabilization of skyrmions, the stability factor (KeffV/kBT) at reduced PMA is ~
2.73. So, the thickness of the 20nm nanodot is increased from 0.6nm to 1.5nm, keeping the reduced
effective PMA energy density constant (60,000 J/m3) similar to non-thermal cases, to make the
transient skyrmion thermally stable. Also, there is a critical value of initial PMA below which
intermediate skyrmion cannot be annihilated after the withdrawal of voltage pulse as discussed in
the non-thermal stabilization. Therefore, the initial PMA is increased for studying reversal at room
temperature in the presence of thermal perturbation. For studying the switching probability, we
take two Ms values, 1000kA/m and 1650 kA/m at a constant DMI 3.2mJ/m2. The initial and
reduced effective PMA energy are 330kT and 6.83kT respectively for both 1000kA/m and
1650kA/m system. Therefore, the initial and reduced interfacial magnetic anisotropy (K i) for
1650kA/m are 6900μJ/m2 and 2700μJ/m2 whereas the corresponding values for 1000kA/m are
5300μJ/m2 and 1000μJ/m2 respectively. From non-thermal stabilization we observed that for both
values of Ms, initially a skyrmion is formed but for low value of Ms (1000kA/m) this skyrmion
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does not stabilize. Since in reversal a transient skyrmion is enough so both low and high values of
Ms are supposed to provide reversal if the voltage pulse is withdrawn coherently with the breathing
of skyrmion. Therefore, we consider these two values of Ms to study which Ms value favors the
thermally robust switching more. We let both systems relax for 100 ps to get the equilibrium state
before trying to switch the magnetization. Due to the large PMA, this state is very close to the
ferromagnet state with very small canting of peripheral spins due to stray field. After relaxing, we
apply VCMA to reduce the PMA within 0.5 ps and a skyrmion is formed. We then restore the
PMA by withdrawing the voltage pulse at different points (times in formation and dynamics of the
skyrmion state) and observe switching. In this switching event, sub 1 fJ energy is dissipated on
application of a voltage pulse of 2.0 V with 2130 fJ/Vm VCMA coefficient for a 1.5-nm-thick free
layer and a 1-nm-thick MgO layer with relative permittivity ~7. We note that a high VCMA
coefficient is needed as we chose a high initial PMA to ensure KeffV/kBT~ 330. If we go with a
smaller KeffV/kBT~ 65, which suffices for Random Access Memory (RAM), an interfacial PMA
energy ~3500μJ/m2 and VCMA coefficient ~405fJ/Vm would be sufficient for 1650kA/m Ms
system. We also note that for KeffV/kBT~ 65, those required values would be well within the
experimentally demonstrated values of interfacial PMA energy ~4060μJ/m2 [83] and VCMA
coefficient ~1043fJ/Vm [84]. From Fig. 13(b) we can see that for a pulsewidth range of 47ps107 ps, highest switching percentage for 1000 kA/m is 81 at 47ps pulsewidth whereas for 1650
kA/m Ms, ~93% switching can be achieved in 57-77 ps pulse width range. For both stabilization
and thermal reversal of skyrmions, it appears that the boundary spins initiate the process of
skyrmion formation where the edges of the circular nanodot are nearly smooth. So, we studied this
system’s behavior in a nanodot where edge roughness is present. Therefore, we incorporated 5%
edge roughness as shown in Fig. 13(b) at the boundary of the 20 nm nanodot to study the switching
error in the same pulse width range of 47-107ps. We note that the 5% edge roughness was created
using a Gaussian distribution. From Fig. 13(c) we can see that in the presence of edge roughness
for 1650 kA/m Ms and 3.2 mJ/m2 DMI, ~80% switching can be attained in the pulse width range
of 47-57ps. With better optimization of the material parameters (e.g. high Ms and experimentally
observed DMI) and pulse shaping [85] which is beyond the scope of this paper, higher switching
percentage can be attained with sub fJ energy for each switching event. For example, the point in
Fig. 13(c) with asterisk represents 93% switching at a pulse width of 67 ps.
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Fig. 13. (a) Voltage pulse described in terms of PMA for switching of 20 nm nanodot in the presence of
thermal perturbation; magnetization states corresponding to the PMA energy at different times are shown
below the pulse diagram (b) 20nm nanodot with 5% edge roughness at the boundary and (c) Switching
percentage vs. pulse width (all of the points show the switching percentage for 100 simulation cases except
the point marked with asterisk on the blue line. The star mark corresponds to 67 ps pulse width where the
simulations were run for 1000 times and 68 failures indicate ~93% switching).

In summary, higher DMI can result in formation of skyrmions in smaller nanodots at low M s but
such high values of DMI have not yet been experimentally observed. To create skyrmions in
confined structures ~20 nm lateral dimensions with experimentally observed DMI ~3 mJ/m2, one
needs large demagnetization (stray field) from materials that can be achieved with a high Ms. We
also showed that using a material with high saturation magnetization can help achieve thermally
robust and extremely energy efficient switching in 20 nm ferromagnetic nanodot with
experimentally demonstrated DMI. Thus, use of materials with high Ms can provide a pathway for
aggressive scaling of ferromagnetic skyrmion mediated VCMA switching of p-MTJs with lateral
dimensions ~20 nm and beyond.
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Chapter 5: Future works
I’ll be working on the following projects as a continuation of my present research works towards
PhD degree:
Previously our group experimentally showed the manipulation of fixed magnetic skyrmions with
voltage-controlled magnetic anisotropy [31]. It was observed that due to the presence of exchange
bias field in antiferromagnet/ferromagnet/oxide heterostructure, skyrmions could be stabilized in
those thin films. Additionally, due to application of positive (negative) voltage, the PMA decreases
(increases) which in effect creates (annihilates) skyrmion in the thin film as shown in Fig. 14.
However, the voltage pulse was applied outside of the characterization tool and the transformation
was observed in the absence of applied electric field.

Fig. 14. Magnetic force microscopy (MFM) images taken before and after application of the electric field.
First column: MFM image taken before the application of electric field. Second column: A negative voltage
pulse increased the PMA and skyrmions were annihilated. Third column: positive voltage pulse decreased
the PMA and skyrmions were created. Black arrows indicate that skyrmions created by VCMA appear at
the same initial location they occupied before annihilation. (Figure is taken from ref [31])

In future, we will be focusing on in-situ application of VCMA and observing the creation and
annihilation of skyrmion in confined geometry while performing MFM.
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5.1 Experimental observation of skyrmion-mediated switching in a confined geometry:
towards skyrmion mediated memory.
In chapter 3 and 4 we have discussed the skyrmion-mediated reversal of p-MTJs in a confined
nanodot. The formation of a transient skyrmion is needed for successful implementation of this
theoretically predicted switching strategy. However, experimental creation and annihilation of
non-volatile fixed magnetic skyrmions using VCMA has only been realized in thin films in the
absence of applied electric filed due to inhomogeneities and defects rather than geometric
boundary conditions. In future, we plan to apply VCMA in-situ in a confined geometry and study
the dynamic formation and annihilation of skyrmion in proof of concept nanostructures ~100 nm
lateral dimensions as well as study skyrmion mediated switching (reversal) of magnetization in
perpendicular nanomagnets. This will form a proof-of-concept scalable robust and energy efficient
skyrmion mediated p-MTJ switching paradigm.
5.2 Skyrmion based reservoir computing
The recurrent neural network of a reservoir computing system can be imitated by the internal
dynamics of a physical system [86, 87, 88, 89, 90]. We use a thin film hosting multiple skyrmions
as shown in Fig. 15 and exploit its nonlinear dynamics in response to an applied electric field and
coupling through dipole interaction and spin waves for performing simple temporal pattern
recognition and time-series prediction tasks.
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Fig. 15. (a) Schematic illustration of a reservoir computer based on a recurrent neural network (RNN), (b)
Thin film hosting skyrmions serves as a reservoir block (skyrmions are represented by the circular dots in
the thin film), (c) A skyrmion based physical reservoir computing system obtained by replacing the
recurrent network of (a) by the skyrmion-hosting thin film. (d) In the proposed device the free layer of the
magnetic tunnel junction (MTJ) acts as the reservoir block. Voltage generated strain is provided as an input
to the reservoir layer and the MTJ readout is used for reservoir computing output. (e) Different layers of
MTJ stack. (Figure is taken from ref [91])
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Mühlbauer, S., Binz, B., Jonietz, F., Pfleiderer, C., Rosch, A., Neubauer, A.,
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